Tetrodotoxin production byAlteromonas tetraodonis occurred during the stationary phase of growth and was regulated by phosphate concentration; toxin production was repressed if phosphate was added at the onset of stationary phase and was over 100-fold greater in phosphate-limited cultures than in cultures in which phosphate was not limiting.
Tetrodotoxin (TTX) and paralytic shellfish poisons (PSP), such as saxitoxin, are potent neurotoxins which act by a common mechanism upon the membrane sodium channels to prevent conductance of signals along the neuron (3) . Whereas ITTX poisoning is associated with consumption of toxic puffer fish, principally in Japan, the PSP toxins are of major interest worldwide because of human health problems arising from consumption of contaminated shellfish and because of economic losses to the fishing industry (16) .
TTX production has been shown for certain marine bacteria from a range of animals (11, 12, 14) ; in puffer fish, TTX produced by bacteria in the intestinal tract probably accumulates in certain organs of the fish, rendering them toxic (13) . Whereas TJX is clearly produced by bacteria, saxitoxin and related PSP toxins are classically associated with blooms (red tides) of many species of dinoflagellates (16) which intoxicate bivalves during filter feeding (20) . A possible role for bacteria in the formation of PSP toxins has also been suggested by some workers (8, 17, 21) , and saxitoxin is produced by the cyanobacterium Aphanizomenon flosaquae (15) .
The relevance of TTX or other sodium channel-blocking (SCB) toxins to bacteria is unknown, and the biosynthesis of such toxins has been little studied. Recent surveys (6, 7) show that production of SCB toxins is very common; of over 500 isolates from Scottish coastal waters, 37% produced SCB toxins detected in a tissue culture assay, and there was a marked seasonal variation in the incidence of toxinproducing bacteria (7) . As part of a program to determine the contribution of bacteria to SCB toxins in the marine environment, we consider here the effect of growth conditions upon TTX production byAlteromonas tetraodonis and other bacteria known to produce TTX (18, 19) .
A. tetraodonis GFC and Shewanella alga OK-1 were kindly supplied by U. Simidu (18) ; Vibrio alginolyticus NCIMB 1903 and Vibrio anguillarum NCIMB 829 were obtained from the National Collection of Industrial and Marine Bacteria, Aberdeen, Scotland. Production of TTX by the strain ofA. tetraodonis used here has been confirmed by gas chromatography-mass spectrometry (18) . In growth experiments, 10 ml of a washed cell suspension from an overnight culture was inoculated into 500 ml of marine broth (Difco) and was cultured at 20°C in a rotary shaking incuba-8DB, Scotland. tor operating at 100 rpm. Samples were removed at 2-h intervals for 24 h for determination of viable cell counts, supernatant lTlX, and phosphate concentration (4) . For experiments on the influence of phosphate on TIX production, bacteria were cultured in 0.5% peptone (Oxoid L37) in artificial seawater; phosphate was added from a stock solution of 0.1 M potassium phosphate buffer, pH 7.5. TIX was assayed in an SCB toxin assay on mouse neuroblastoma cells (6), with 2 x 105 mouse neuroblastoma cells per well in microtiter plates. Although the mouse bioassay (1) and gas chromatography-mass spectrometry (13) are more common assays for TIX, such procedures are less sensitive than the tissue culture assay, which has a detection limit of approximately 3 ng ml-1; in addition, the tissue culture assay does not require toxin extraction or derivatization.
A. tetraodonis GFC commenced exponential growth in marine broth after a lag phase of 3½2 h and entered the stationary phase after approximately 8 h. No T`X activity was detected during exponential growth, but toxin was rapidly released into the medium from 18 h onwards ( Fig. 1 The concentration of free phosphate in marine broth was depleted during exponential growth of A. tetraodonis GFC (Fig. 1) . To obtain a culture medium of lower phosphate concentration, seawater containing 0.5% peptone was used, and this supported good growth and TTX production. The addition of phosphate dramatically inhibited lT1X production (Fig. 3) without affecting the yield of bacteria. Toxin production was reduced by >90% with the addition of 30 ,ug of phosphate per ml (Fig. 3) , and inhibition still occurred when phosphorus was added to a final concentration of 50 ,ug of phosphorus per ml up to 16 h into the growth cycle, i.e., just before toxin was normally detected in the culture, but not after 18 h, once secretion of TTX into the medium had commenced.
The production of TTX during the stationary phase of growth by the four strains of bacteria tested here indicates that the toxin(s) is a product of secondary metabolism rather than cell lysis. Secondary metabolites are often of unusual structure (5) and constitute very diverse families of products (22) . Phosphate levels are generally depleted as the stationary phase commences in bacterial cultures, and in this study the addition of phosphate immediately before the stationary phase inhibited SCB toxin production. In Escherichia coli, at least 22 genes are highly induced under phosphate limitation, including the pho regulon involved in high-affinity phosphate-specific transport (23) evidence for Streptomyces griseus p-Aminobenzoic acid synthase, required for candicidin production, indicates a similar mechanism of gene regulation involving a phosphate box (9) . Saxitoxin production in dinoflagellate cultures is influenced by temperature, light intensity, and medium composition (2). However, low phosphate concentrations lead to only a threefold increase in toxin concentration per cell, extremely low compared with the increase in TTX concentrations found here. The demonstration that TIX production is phosphate regulated should facilitate molecular analysis of the mechanisms which regulate production of this toxin in bacteria.
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